Abstract-Nasal tip mechanical stability is important for functional and cosmetic nasal airway surgery. Palpation of the nasal tip provides information on tip strength to the surgeon, though it is a purely subjective assessment. Providing a means to simulate nasal tip deformation with a validated model can offer a more objective approach in understanding the mechanics and nuances of the nasal tip support and eventual nasal mechanics as a whole. Herein we present validation of a finite element (FE) model of the nose using physical measurements recorded using an ABS plasticsilicone nasal phantom. Three-dimensional photogrammetry was used to capture the geometry of the phantom at rest and while under steady state load. The silicone used to make the phantom was mechanically tested and characterized using a linear elastic constitutive model. Surface point clouds of the silicone and FE model were compared for both the loaded and unloaded state. The average Hausdorff distance between actual measurements and FE simulations across the nose were 0.39 ± 1.04 mm and deviated up to 2 mm at the outermost boundaries of the model. FE simulation and measurements were in near complete agreement in the immediate vicinity of the nasal tip with millimeter accuracy. We have demonstrated validation of a two-component nasal FE model, which could be used to model more complex modes of deformation where direct measurement may be challenging. This is the first step in developing a nasal model to simulate nasal mechanics and ultimately the interaction between geometry and airflow.
INTRODUCTION
Rhinoplasty is a surgical procedure that focuses on changing the shape of the nose for either functional (airway) or cosmetic purposes. Maintaining or increasing nasal tip support after surgery is the most important element of both functional and cosmetic rhinoplasty and exceptionally important in order to achieve predictable steady-state outcomes. Rhinoplasty surgery is technically challenging and revision rates (failure) historically vary between 10 and 15%. 2, 4, 19, 25 Prior to performing surgery, one of the surgeon's most informative physical examination maneuvers is nasal tip palpation. Solely relying on fingertip sensitivity, the surgeon can formulate a subjective assessment on nasal tip strength and stability based upon assessing recoil to depression. This assessment is based on years of practice and clinical experience. As such, it would be valuable to devise a reliable metric able to quantify the strength and stability of the nasal tip to confirm a surgeon's intuition. This quantification and validation work has never been done before. Though, some devices have been constructed to measure tip recoil but have not been adopted for use or validated. 1, 6 In the nose, the use of finite element analysis to predict the stress and strain distribution under certain loading conditions as a result of simulated surgical modifications 3, 7, 10, 11, 13, 15, 26 has been reported, but with abbreviated anatomic models (incomplete anatomy) and no validation of results with experimental measurements. The majority of the nasal finite element analysis has been limited examining the underlying cartilage tissue alone (septum and alae) and does not consider the effect of the overlying skin-soft tissue envelope or adjacent bone. 11, 12 Obviously, the most meaningful predictions and reliable conclusions are best established using a validated model. Nasal tip depression (palpation) is the simplest and most important physical examination maneuver to perform and simulate, but must first be validated before meaningful interpretation of more complex nasal modeling can be performed. Examples of more complex models include how the nasal airway collapses during airflow, and how virtual surgery implemented in an FEM might be used to guide and select actual surgical procedures.
This report presents a finite element analysis of a human nasal model and compares predictions with outcomes measured using a silicone phantom. Nasal tip deformation is measured in the model and compared to predictions of the FEM.
A nasal phantom made of silicone and acrylonitrile butadiene styrene (ABS) plastic was 3D printed using computed tomography (CT) data, then loaded at its tip. The geometry of the nose is identical to our previous studies on nasal tip support in response to tip depression. 15, 26 Deformation was recorded using 3d photography and the resulting geometry was compared to results of the finite element model. The comparison was performed by cloud comparison by projecting the reference set of nodes captured via 3D photography onto the nodes of the finite element model.
METHODS

Manufacturing Process of a Silicon 2-Component Sample
A mechanical nasal phantom was constructed from two materials: ABS plastic for bone and silicone for the nose and soft tissue. Geometry was derived from a high-resolution CT head scan of a single patient, which was processed using computer-aided design software (Mimics, Materialise, Leuven, Belgium). DICOM images of the nose in the axial plane were imported into Mimics (Materialise, Leuven, Belgium) and soft tissue and bone were segmented. Gaussian and tessellated surfaces of bone and soft tissue were created and a triangle reduction function was performed. The surfaces were remeshed again to have triangular elements with edges less than 2 mm and were exported in stereolithography format (STL). A 3D printer (Replicator 2, MakerBot, New York) and its proprietary software, was used to print in ABS the bone and soft tissue components independently (Fig. 1a) . As the soft tissue component needed to be constructed from silicone, the ABS soft tissue 3D print was molded and casted in Dragon Skin Ò silicone (Dragon Skin Ò 10 Slow, Smooth On, Pennsylvania). After mold curing, the plastic model (positive) was removed from the Dragon Skin Ò silicone mold (negative) (Fig. 1b) . A releasing agent (Ease Release Ò 200, Mann Formulated Products, Pennsylvania) was sprayed inside the mold, placed back inside the cylindrical container, and silicone was poured to fill the inner cavity of the mold.
Once cured, the silicone nose was removed and glued to the ABS bony compartment (Fig. 1c) .
Material Characterization of the Silicone
The soft tissue component of the nasal phantom is made of silicone. As such, a hyperelastic constitutive model would be best suited to describe the nonlinear stress-strain, incompressible, and strain rate behavior of this material. 16 It is arguable, however, that the range of deformation experienced during nasal tip palpation (depressing the nasal tip) could be accurately characterized using a small strain formulation. The prediction of these infinitesimal strains under applied loading can be fully described using an isotropic linear elastic model. The value of Poisson's ratio is assumed to be equal to v = 0.49 (owing to the incompressibility of the silicon), while the determination of Young's modulus is herein presented based on uniaxial test data.
The recording of test data was limited to small strains since the range of deformations experienced by the nose during nasal tip palpation can be predicted using a small strain theory. A rectangular silicone sample was cast (Dragon Skin Ò 10 Slow, Smooth On, Pennsylvania) (12 9 1 9 1 cm
3 ) and was mechanically tested (ELF, sensitivity of 0.05 g and a maximum capacity of 250 g, Enduratec Bose, Framingham, MA). The measurement proceeded with the linear actuator displacing the silicone bar to a 2.4% strain, which corresponded to the limit of the load cell. Tensile force and displacement was recorded at a strain rate of 0.01 mm/s and presented in Fig. 2 .
The initial slope of the curve, corresponding to the elastic modulus of the material, was found to be equal to E = 0.364 MPa.
Experiment Setup & 3D Reconstruction of Nasal Phantom
Photogrammetry was used to provide data to reconstruct the nasal phantom before and after nasal tip depression. A schematic of the experimental setup used to measure the 3D deformation of the nose is illustrated in Fig. 3 and consisted of the nasal phantom, a turntable, a custom loading apparatus, diffuse lighting elements, and a digital camera.
Nasal tip palpation was modeled as a step displacement of the nasal tip. In this approach, a custombuilt loading apparatus designed in Solidworks (Dassault Systemes, Ve´lizy-Villacoublay, France) and constructed in ABS plastic (Fig. 3) . The steel rod weighed 500 g and the piston assembly (ABS) weighed 13 g. The value of 500 g for the loading weight was selected as it produced a realistic and clinically relevant displacement of the nasal tip.
To optimize surface reconstruction of the nasal phantom, diffuse lighting (soft boxes) and speckle patterning of the surfaces with a fine marker being photographed were employed. A ''speckle'' pattern provides surface features that aid in 3D reconstruction. Ink (Brother, Bridgewater, New Jersey) was also freshly applied onto the end of the piston shaft to demarcate (''stamp'') the contact surface between the piston and the nasal tip of the phantom model.
Two measurements were performed: (1) the nasal phantom without load and (2) the nasal phantom with load. The unloaded case was initially performed and did not require the use of the loading apparatus. In this case, the nasal phantom was placed onto the turntable. A digital single-lens reflex camera (Canon Rebel T5i, Cannon, New York) with an 18-55 mm lens recorded images at three camera angles (eye level, 30°, and 60°a bove the plane of the platform), and at intervals 15°( 24 rotations of the turntable for each elevation). The process was repeated again only this time with the inclusion of the loading apparatus. An example of experiment photos in its loaded and unloaded state is shown in Figs. 4a and 4b. A total of 70 images (software maximum) were imported into 123D Catch (Autodesk Inc, San Rafael, CA, USA) to produce 3D renderings of the nasal phantom in its undeformed and deformed state. The undeformed and deformed surface meshes produced by 123D Catch was imported into 3DS Max (Autodesk, San Rafael, CA, USA) for editing. Each model was edited to remove structures 
Numerical Simulation of Nasal Tip Displacement
The bone and soft tissue surface meshes that were exported from Mimics and used to construct the mechanical phantoms were also used to generate the FEM. Meshes were imported into Hypermesh (Altair Engineering, Troy, Michigan) to generate a single volumetric mesh model and to define boundary conditions that mimic the physical experiment. A tetrahedral mesh was created from the imported bone and soft tissue STLs and nodes were equivalenced to combine all coincident nodes at the interface between the soft tissue and bone boundaries. Nodes within the bone volume were constrained. In order to accurately identify nodes that will undergo loading as observed in the experiment, a surface mesh of the deformed nasal phantom model (123D catch model) was imported and aligned in registry with finite element model. The overlapping nodes that underwent deformation were labeled on the FEM to be prescribed a loading condition. Information containing node locations, element connectivity and loading conditions were exported in a specific.inp format to be used in ABAQUS for simulation and post-processing.
Our finite element nasal model consisted of a collection of C3D4H finite elements: a 4-node linear tetrahedron, hybrid, and linear pressure. Prescribed load and boundary conditions of the finite element model in ABAQUS is illustrated in Fig. 5 . The bone component of the finite element model, shown in red, was assigned linear elastic material properties of ABS plastic with a comparatively high tensile modulus of 2 GPa and the whole component was held fixed. By comparison, cortical bone can have an elastic modulus range between 5 and 15 GPa. 18 To model the silicone component of the 123D Catch Model, the soft tissue component of the finite element model was assigned elastic material properties of very low modulus properties as determined above and a load was prescribed at the nasal tip as indicated by the white nodes in Fig. 5a .
Point Cloud Comparison for Validation
Validation was accomplished by comparing the steady state geometry of the finite element model with the model obtained from displacing the tip of the silicone model. Point clouds were generated for the surfaces of each model. CloudCompare (http://www.dani elgm.net/cc/) was used to calculate the similarities between corresponding surfaces and is a software environment optimized for using point cloud data. CloudCompare evaluates a subset of points of one object and compares it to the subset of points of the other object being compared. It then calculates the directed Hausdorff distance 9 which is the maximum distance of a set of points to the nearest point in the other set. This methodology uses the nearest neighbor search to define each subset of points to be compared. As such, It is important to implement this software using a dense point cloud space, so that the distances between the underlying surface representing the reference cloud (finite element model) and the compared cloud (3D photography derived model) are sufficiently accurate. In order to assess the reliability of the software and our 3D photography system, the undeformed geometries of the 3D photography derived model and finite element model was compared before comparing the deformed geometries.
RESULTS
3D Point Cloud Comparison for Undeformed Geometries
There was a good overlap between the point cloud derived from 3D photographic reconstructions of the silicone nose model and the FEM model produced directly from CT data when no displacement or load was applied. The reconstructed surface model had a volume of 96.2 ml with 16,571 nodes and 33,146 triangles. A colormap showing the relative distances between the two models is shown Fig. 6 , the differences between the two models are well under a millimeter, with an average of 0.15 mm and a standard deviation equal to 0.77 mm. The nasal tip (most important region of interest) exhibits excellent agreement between the two geometries. The data is skewed by comparison between regions far away from the nasal tip such as along the edges of the model, the back of the model and the inside of the nares (nasal cavities are poorly resolved using 3D photography, as expected). Differences at these peripheral edge areas may range from 1.5 to 3 mm. These differences are less important as accurate representation of the sample edges is less relevant for the proper modeling of nasal tip palpation (displacement). Regions within the nasal cavities also show these significant deviations. Regardless, the borders of the nostrils are still captured well with requisite accuracy using digital photography.
3D Cloud Comparison for Deformed Geometries: Validation
Since there was good agreement between the two models in native undeformed (zero stress) state, the shape change in the nasal surface produced by loading the nasal tip with results predicted by the FEM were compared. The reconstructed surface model had a volume of 90.0 ml with 115,258 nodes and 230,415 triangles. Similar to the unloaded case, the finite element models are in excellent agreement with the point cloud obtained from 3D photography of the silicone phantom depressed using the cylinder-piston apparatus. Using a Gaussian fit it is found that the mean is around 0.39 mm and the standard deviation in the vicinity of 1.04 mm. A greater number of paired points have a distance larger than 2 mm in absolute value, as seen in Fig. 7 . However, these discrepancies again are predominantly along the periphery of the models-at back of the sample, around the edges, inside the nostrils, and away from the loaded tip.
DISCUSSION
Surgeons rely on nasal tip palpation to assess the overall mechanical integrity of the nose, and this component of the physical examination remains among most important pre-operative evaluations for the rhinoplasty surgeon. Rhinoplasty is a technically challenging and complex surgical procedure with revision (failure) rates varying from 10 to 15%. 2, 4, 19, 25 To the general public it is often viewed dismissively as purely a cosmetic procedure. In reality, rhinoplasty more often than not is performed to correct deformities due to trauma or congenital malformation, and also to correct dynamic airway collapse leading to obstruction. 13, 17 The nasal airway is a complex structure made of both static and dynamic components. The dynamic components change (flex, collapse) with varying degrees of airflow, and because of the complex shape of the nasal vault, identifying the site of obstruction and correct operation to perform is frequently a challenge. Modeling and ultimately developing a comprehensive fluid-structure interaction would be essential to developing individualized patient specific surgical techniques to treat the obstructed nasal airway. 7, 8, 21, 27 Modeling may also have utility in determining the long-term outcomes of surgery on nasal structure, and has already been used to predict surgical complications. 15, 26 This study is the first step needed to validate a nasal FEM and here focuses on steady-state formulations. 15, 26 Here the mechanical behavior and nasal shape under various loading conditions were measured in our nasal phantom and agreed reasonably well with predictions generated by the FEM.
Validation of a nasal FEM ideally would be performed in human subjects, but that is challenging as little is known about the mechanical properties of the nasal tissues (cartilage, bone, skin, assorted ligamentous structures), tissues are generally anisotropic, and measuring tip support has been reported in the literature to yield extremely divergent outcomes. 1, 6, 20 Hence using a human model to validate a finite element model is complex, and not the ideal first step in this process. We pursued a simplified phantom consisting of a soft tissue (silicone) and hard tissue (ABS) components. The ABS-silicone phantom was constructed using CT scan data that was previously used in other finite element simulations. 15, 26 This approach, while not ideal provides a rational starting point to gain insight on steady state nasal mechanics, as the properties of the silicone could be specified and then measured precisely. In the physical model, ABS plastic is sufficiently high modulus to approximate bone extremely well given the relatively modest deformations that were made in the nasal tip. The use of silicone rubber to simulate nonosseous tissues is a bit more perplexing and challenging. The soft tissues of the nose are made of multiple individual components-skin, fascial tissue, and ligamentous structures. These are all collagenous materials that exhibit non-linear viscoelastic behavior, but fortunately are believed to be linear in general over relatively small deformations. Thin skin-soft tissue envelope may be reasonably approximated as one ''lumped'' component, and we believe use of silicon is a reasonable proxy for developing and refining an FEM. More challenging and difficult is constructing a physical model that also incorporates the cartilaginous structures of the nose, even though generating an FEM with cartilage is straightforward. 15, 26 Cartilage is mechanically complex tissue that maybe classified as either soft or hard depending upon the context in which it is discussed. Its behavior is multiphasic, and even with high-level modeling techniques, is difficult to simulate, except in very simple modes of deformation. While we have modeled cartilage in finite element simulations, developing a three-component model with a second elastic or viscoelastic cartilage component is beyond the scope of this study. This however is an area of active research and pursuit by our group as we refine and develop our 3D printing and casting capabilities.
The results of the simulation compare favorably with the surface measurements in the nasal phantom indicating that the simple linear elastic constitutive model adequately describes this behavior (Fig. 7) . The histograms and point cloud images in Figs. 6d and 7d show excellent overlap in both native and deformed cases. Though in this instance the geometry derived directly from CT and incorporated into the FEM was deemed the reference when no load was applied. It is important to note that, in order to generate a precise constitutive material model, the experimental test data on a block sample should be recorded over the range of strains experienced during a specific application. Due to the limitations of our mechanical testing apparatus, we were not able to stretch silicone to a larger range of displacements. In the case of extreme deformation and modeling hyperelasticity, large strains should be included during uniaxial testing.
Deviations between the photogrammetric reconstructions and the FEM that is derived purely from CT data may be attributed to how the model was made and recorded. Structures (point clouds) generated from 3D photography also may have limitations due to: (1) the printing and construction process of a physical model, and (2) photography and the 3D reconstruction process. The use of 3D imaging to create a surface model or point cloud with adequate resolution (approximately 1.3 nodes per mm 3 deformed and 0.2 nodes per mm 3 undeformed) is a novel application of this technology, though such approaches have been widely used in industry and other applications. 5, 14, 24 Complex geometries with deep crevices are an issue for reconstruction with software like 123D Catch because these types of shapes offer poor contrast for photography even with exceptional lighting conditions. The nostrils in our nasal phantom for example showed poor overlap with the finite element model (Fig. 7) especially deep inside the nostrils. Reconstructions are not perfect and usually require editing of the surface mesh by deleting erroneous components not associated with the subject. Accuracy of these reconstructions is also limited to distortion and aberration of the lens. As technology advances, 3D video point clouds will be exceptionally valuable as modeling efforts move from static and steady state renderings toward dynamic simulations. Dynamic analysis would be important, as the behavior of the nose during breathing is critical; lateral nasal wall collapse is common and among the most frequent indications for rhinoplasty surgery.
Our numerical model was validated with a simple phantom with silicone representing cartilage, soft tissue, ligaments, and other connective tissue (Fig. 3a) , which limits in the accuracy of our predictions. The soft tissue component of nose is obviously composed of more than just one largely linear isotropic material. A feasible improvement would be to generate a threecomponent model, by differentiating the soft tissue from the cartilaginous component using two separate elastomers. Having a three-component nasal model leads to a fundamental question: what are the internal strains and stresses in the region of interest beneath the skin and how is the cartilage contributing to the load carrying capacity. Such information is easily derived numerically, 15, 22, 23, 26 but constructing a physical model with multiple elastic components still presents a manufacturing challenge.
Ultimately, the purpose of a validated nasal model is to perform parametric analysis with various intrinsic characteristics (shape, strength of cartilages) and ideally identify what structure is best to counter act the forces responsible for dynamic collapse. Nasal modeling can also be used to predict steady state outcomes of surgery. 13, 15, 22, 23, 26 This work is a stepping-stone towards this goal.
CONCLUSION
A FE model of nasal tip deformation was validated using photogrammetric measurements of a physical silicone and abs plastic model with millimeter accuracy around the nasal tip and outer nostrils. Mechanical testing of validated physical nasal models can provide reliable load and displacement measurements. Validating a three component physical model with cartilage as a separate material presents a challenge in terms of monitoring its internal structural changes. Overcoming this barrier would provide means to validate a more descriptive FE model and thus yield more realistic information on the static and dynamic behavior of the nose.
